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A crucial consideration in organic devices is the role of the interface between a metal electrode and the active polymer material. Here, we use the conjugated polymer poly[2-methoxy-5-(2-ethylhexyl-oxy)-1,4-phenylene-vinylene] (MEH-PPV) with model gold and silver electrodes to perform surface-enhanced Raman scattering (SERS) on the metal-MEH-PPV interface. We observe significant differences between the SERS spectra on the two metals, which we assign to conformational changes of the phenyl rings within the polymer. The difference between gold and silver interfaces can be removed upon thermal annealing, suggesting structural relaxation. Resonance Raman spectra of the two interfaces are identical, implying that the overall conformation of the polymer backbone which supports the pi-electron transition remains unaffected by the different metals. SERS is uniquely sensitive to the interfacial metal/organic layer and provides an important in situ tool to optimizing organic device structures. Optoelectronic devices with active layers derived from conjugated polymers such as light emitting diodes, photovoltaics, and thin film transistors have made significant practical advancements over the last decade. 1 However, significant challenges in regards to efficiency and stability still remain for such devices, and one such critical issue is an accurate understanding of the composition, structure, and functionality of the many interfaces within these devices. 2, 3 In particular, the interface between a polymer and a metal electrode is almost ubiquitous in polymer-based devices and is suspected to play an important role in their overall performance and stability. 4 Accordingly, significant attention has been focused on the conformation and energetic alignment of polymers and molecules at this interface. 4, 5 Optical spectroscopy techniques are facile tools for characterizing polymer-based devices [6] [7] [8] and can be used to probe non-pristine interfaces that are likely to occur in a production environment. 9 In particular, Raman scattering, where the vibrational modes of a molecule are mapped out through the inelastic scattering of light, is capable of elucidating subtle structural and chemical differences in molecular systems and has been successfully utilized to probe important changes 10, 11 and degradation effects [12] [13] [14] in organic thin films and device structures. An extension of Raman scattering is surface-enhanced Raman scattering (SERS) where the plasmonic modes of nanostructured metal are used to enhance the Raman process by several orders of magnitude 15 enabling sensitivities reaching the detection of single molecules. 16, 17 The plasmonic enhancement is primarily a near-field electromagnetic effect and thus localizes the measurement to within only a few nanometers of the metal nanostructures, making it an ideal tool to study interfacial effects. As with conventional Raman, SERS has been used to probe polymer films in a device structure to gain information on the polymer structure in multilayer devices, 18 the effects of device degradation, 19 the differences in preparation conditions for poly(3,4-ethylenedioxythiophene) (PEDOT), a common hole-injecting material, 20 and the effects of metallic electrodes on benzene molecules. 21 Here, we report the use of model electrodes fabricated from gold or silver as SERS substrates to characterize the polymer-metal interface, further illustrating the potential for SERS to be used as an in situ tool for probing an operating device. Using poly[2-methoxy-5-(2-ethylhexyl-oxy)-1,4-phenylene-vinylene] (MEH-PPV) as a model polymer film, we find that gold electrodes induce a conformational change at the metal interface as is evident in an additional band in the SERS spectrum that is not present in the Raman spectrum of the bulk film. In contrast, the SERS spectrum of the interface between MEH-PPV and a silver electrode retains nearly the same features as a Raman spectrum of the bulk film, indicating only a weak interfacial interaction in comparison to gold.
All of the devices in this work were fabricated on clean glass cover slips. The silver and gold films, which serve as the model electrodes, were prepared by thermal evaporation at a vacuum of 10 À6 mbar. Careful characterization revealed that the best Raman enhancement occurred for $9 nm thick films grown at a rate of 1 Å /s for both silver and gold. We note that although the overall intensity of the SERS signal varied, the relative intensities of the observed peaks were independent of film thickness. Atomic force microscopy (AFM) characterization of the films was conducted on an Asylum Research MFP-3D microscope by scanning the surface in tapping mode with a silicon nitride tip. Solutions of MEH-PPV (American Dye Source) dissolved in chlorobenzene at a concentration of 1 mg/mL were spin-cast at a speed of 2000 r.p.m., for 60 s yielding a polymer film that is approximately 100 nm thick. The film that was used to determine the bulk MEH-PPV Raman spectrum was prepared by drop-casting the MEH-PPV solution on a glass substrate, a)
Author to whom correspondence should be addressed. Electronic mail: nborys@physics.utah.edu. APPLIED PHYSICS LETTERS 100, 141907 (2012) which was then allowed to dry for 30 min. All of the preparation procedures were conducted in a glove box under a nitrogen atmosphere at room temperature. After preparation, the samples were removed from the glove box for the Raman and SERS characterization, which were performed on a scanning confocal Raman microscope (Alpha300R from WITec) with a 1.4 NA objective. Continuous wave (CW) illumination at 785 nm from a Ti:sapphire laser pumped by an Argon ion laser was used for off-resonant excitation at incident powers of $10 mW, while CW illumination at 532 nm from a diode laser was used for resonant excitation at a power of $2 mW. The scattered light was collected by the same microscope objective, spectrally filtered to remove the excitation light, and then focused onto a 100 lm optical fiber coupled to a spectrometer. All of the Raman measurements were performed in ambient conditions at room temperature. Figure 1 compares the Raman spectrum of a bulk MEH-PPV film ( Fig. 1(a) ) to the SERS spectra of MEH-PPV at the interfaces of both silver ( Fig. 1(b) ) and gold ( Fig. 1(c) ) films.
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The Raman spectrum of the pristine film exhibits vibrational modes in the range of 400-1600 cm
À1
. The molecular structure of MEH-PPV and the assignments of selected vibrational modes are presented above Fig. 1(a) . 17 At the silver interface, the SERS spectrum of MEH-PPV shows reduced relative intensities of the 1110.6 and 1308.4 cm À1 modes with respect to the bulk film indicating minimal structural or chemical variation from the bulk. In contrast, the SERS spectrum of the MEH-PPV at the gold interface exhibits two notable differences with respect to the bulk film: an extra band at 854.0 cm À1 which is assigned to the out-of plane wagging mode of the C-H bond of the phenyl group 21, 22 
, which are assigned to the vinyl C¼C-H bend and ring C¼C stretch modes, respectively. To exclude the possibility that the observed differences arise from the metal films themselves, control SERS measurements on the bare silver and gold films are shown in panels (d) and (e), respectively. The gold film shows a complete absence of structure aside from a broad background that is typical of SERS, 23 while the silver film shows weak structure that is attributed to carbon contamination that is typical of rough silver films. 24 This contamination signal is much weaker than the observed MEH-PPV SERS spectrum and does not significantly contribute to the reported spectra. From this comparison, we conclude that the SERS spectra for both the gold and silver interfaces reported in (b) and (c) arise from MEH-PPV within a few nanometers of the electrodes. The difference between the spectra indicates that in close proximity to the gold layer, the polymer is chemically or structurally different 11 than MEH-PPV both in the bulk and in the vicinity of the silver film.
To isolate the cause of the spectral differences, we explored the effect of layer deposition order as exhibited in Figure 2 , which compares the SERS spectra of MEH-PPV in device configurations where the polymer is deposited on the gold (Fig. 2(a) ) and where gold is deposited on top of the polymer (Fig. 2(b) ). Figures 2(c) and 2(d) compare the same scenarios for a silver electrode where only a difference in the relative intensity of the 1585.3 cm À1 mode is observed. In contrast to observations made on the Raman spectra of PEDOT, 20 the similarity of the spectra in (a) and (b) as well as (c) and (d) indicate that the deposition order does not significantly affect the observed SERS spectra for MEH-PPV in the vicinity of either electrode material.
We also investigated the effects of thermal annealing on the observed SERS spectra. Figure 3 compares the MEH-PPV SERS spectrum of a film annealed in the glove box at a temperature of approximately 150 C for 20 min to that of an untreated film for both silver and gold electrodes. The chosen temperature is expected to exceed the glass transition temperature of MEH-PPV, which is approximately 75 C. 22 The annealing process leads to the disappearance of the 854.0 cm À1 band and modifies the relative peak intensities at 1308.4 and 1585.3 cm À1 for gold (Figs. 3(a) and 3(b) ). As a result, the SERS spectrum of the MEH-PPV/Au interface following the annealing process exhibits the same spectral features (although still with different relative intensities) as the Raman spectrum of the bulk film ( Fig. 1(a) ). On the other hand, the annealing process does not dramatically affect the MEH-PPV/Ag SERS spectrum (Figs. 3(c) and 3(d) ), again only resulting in a slightly reduced intensity of the 1585.3 cm À1 mode. Thermal annealing has been widely used to modify the conformation and interfacial interactions of polymers in device-like structures. 11, 22, 25, 26 Using reflected Fourier transform infrared spectroscopy (FTIR), Liu et al. showed a similar vibrational band at $860 cm À1 in an MEH-PPV film that increased in strength after annealing. 22 Combined with photoluminescence and absorption spectroscopy, they attributed the change to increased planarization of the MEH-PPV chains. 22 A more complex scenario was recently observed by Schalnat et al. 21 Using the SERS spectra of benzene molecules, an aluminum interface was shown to reduce the molecular symmetry of the benzene and amplify the 860 cm À1 vibrational mode. This is seemingly contradictory with the results from Liu et al. 22 but is actually consistent, since FTIR and Raman spectroscopy typically observe mutually exclusive vibrational modes: increased intensity of a mode observed in an FTIR measurement will generally correspond to decreased intensity in a Raman measurement. Thus, in regards to our observations, we propose that the annealing process increases the planarity of phenyl rings in the polymer chains at the gold interface, thereby reducing the observed signal in SERS for the 854.0 cm À1 vibrational mode. Such a process is analogous to the annealing effects reported for thin films of the polymer poly(9,9-di-n-octylfluorene-alt-benzothiadiazole (F8BT).
11 Surprisingly, the SERS measurements of the MEH-PPV/ Ag interface suggest that the phenyl rings of the polymer are already planarized and thus annealing has very little effect on the spectra. The reduced interfacial interaction between the silver film and MEH-PPV polymer could be due to the different affinities to oxygen between the two metals. While oxygen is suspected to only physisorb on the gold surface in the molecular state, 27 silver is readily oxidized causing the formation of a native layer of silver oxide. 28 We note that even in the inert glove box environment there is sufficient oxygen present (<2 ppm) for this process to occur.
Finally, we probed the effect of excitation wavelength on the SERS spectra of the untreated MEH-PPV/Au and MEH-PPV/Ag interfaces. Figure 4 shows the spectra obtained with excitation at 532 nm, which is resonant with the electronic transition of MEH-PPV, as opposed to the offresonant excitation at 785 nm. Upon resonant excitation, a significantly enhanced Raman signal of the backbone phenyl C¼C stretch mode at 1585.3 cm À1 is observed for MEH-PPV for both gold (Fig. 4(a) ) and silver (Fig. 4(b) ) as compared to the off-resonant cases. Note that due to the resonant excitation, the fluorescence of the MEH-PPV was removed by fitting a second-order polynomial to the broad background. Raman scattering measurements under resonant conditions enhance the Raman modes which are coupled to the electronic transition in a process known as resonance Raman scattering (RRS). 29 In our case, the surface-enhanced resonance Raman scattering (SERRS) spectra at the gold and silver interfaces become identical, thus indicating that the vibrational modes coupled most strongly to the electronic transitions along the conjugated backbone of MEH-PPV are nearly identical in the presence of silver and gold, providing further evidence that the differences discussed above are not due to large conformational changes of the conjugated polymer.
We have performed a SERS investigation on the interfaces formed between MEH-PPV and nanostructured gold and silver films serving as model electrodes found in polymerbased devices. With off-resonant excitation at 785 nm, SERS from the MEH-PPV/Ag interface is very similar to the Raman spectrum obtained from a bulk film indicating minimal interfacial interactions between the polymer and the metal. The SERS spectrum from the MEH-PPV/Au interface, however, displays more marked differences: the relative intensities of the modes associated with the vinyl C¼C-H bending and ring C¼C stretching Raman modes are decreased, while the Raman intensity of the C-H wagging mode of the phenyl ring is dramatically increased. These differences are attributed to subtle conformational changes of the MEH-PPV at the gold interface that are then relaxed by annealing, which returns the polymer to a bulk-like conformation. Resonant excitation at 532 nm yields identical SERRS spectra for both gold and silver interfaces with MEH-PPV thus revealing that the vibrational modes that are most strongly coupled to the conjugated backbone and electronic transitions maintain similar strengths and energies in the neighborhood of both gold and silver. Such measurements provide further insight into the nature of MEH-PPV at the interface of an electrode, illustrate the capabilities of SERS and SERRS as in situ probes for interfaces in polymer-based devices, and demonstrate how the choice of substrate can affect SERS based measurements.
